Hydrogen is one of the most-sought renewable energy sources.
1,2 Serious bottleneck for full usage of hydrogen energy includes the lack of efficient energy conversion technology and storage systems that can operate at ambient conditions. The operation at room-temperature and low pressures require that hydrogen be stored in nondissociative forms rather than atomic hydrogen. Recently, several computational studies proposed that transition metal ͑TM͒ dispersed in nanomaterials or polymers can bind hydrogen molecules with appropriate strength so that the storage system filled with such TM complexes can operate at ambient conditions with enough storage capacities. [3] [4] [5] [6] [7] [8] It was shown that the hydrogen binding energy ranges from 0.3 to 0.7 eV depending on the metal type, and that the effective storage capacity can reach as high as about 6 wt %.
3-8 The Kubas interaction between TM atoms and hydrogen molecules was shown to be responsible for enhanced hydrogen adsorption energy. 9 Unfortunately, subsequent studies raised a question of TM clustering that causes degradation of storage capability. 10, 11 While many studies have been reported on TM-dispersed medium for hydrogen storage, non-TMs are less motivated for dispersion. Here, we carried out first-principles calculations based on the density functional theory for a comparative study on the dispersion of TM atoms ͑Sc, Ti, and V͒ and alkalineearth metal ͑AEM͒ atoms ͑Mg and Ca͒ and also on the hydrogen adsorption on these metals. The effect of vacancy defects in graphenes on metal binding and hydrogen adsorption is particularly investigated.
The binding of metal atoms and hydrogen adsorption are investigated by using pseudopotential density functional method. All calculations are performed with the spinpolarized first-principles total energy method as implemented in the Vienna ab initio simulation package. 12 The electron exchange correlation is treated within local density approximation ͑LDA͒ 13 which is reliable for covalent bonding and static Coulomb interactions. 5, 14, 15 For a cross check, we repeated part of calculations with the generalized gradient approximation ͑GGA͒ of Perdew-Burke-Enzelhof form. 16 The GGA calculations give similar trends as those obtained with LDA, while the adsorption energies of H 2 on TMs are half the LDA values. 5, 14, 15 As the LDA ͑GGA͒ gives an upper ͑lower͒ bound of van der Waals type binding of hydrogen compared to the highly correlated methods, 5 we give the readers a caveat that our calculated results should be interpreted in such context. Presented below are the LDA results unless specified otherwise. The cutoff energy for the planewave-basis expansion is chosen to be 400 eV and the atomic relaxation is carried out until Helmann-Feynman forces acting on atoms are less than 0.01 eV/Å. The distance between individual graphene sheets are chosen to be about 15 Å to minimize artificial intercell interactions. For simulating isolated graphene, 4 ϫ 4 supercell is used. The adsorption energy per H 2 on metal was sequentially calculated as E b = E tot ͓M + nH 2 ͔ − E tot ͓M + ͑n −1͒H 2 ͔ − E tot ͓H 2 ͔, where E tot ͓•͔ is the total energy of the system ͓•͔.
TM atoms can hold up to five hydrogen molecules without a significant dissociation of the molecules ͑the first hydrogen molecule tends to dissociate͒.
3-8 Once dispersed on carbon nanostructures or polymers, the storage capacity can reach up to 6 wt % at ambient conditions according to theoretical simulations.
3-7 However, the metal atoms are shown to have a strong tendency of clustering that deteriorates the storage capability. The origin of such clustering is the large cohesive energy of TM, and thus chemically active sites are required to hold TM atoms so strongly as to overcome the metal cohesion. Otherwise, less cohesive metals should be considered. Here, we introduce vacancy defects, which generate acceptorlike states that will enhance the charge transfer and hence the Coulomb interaction between metal and graphene. 7 Compared to substitutional doping by boron or nitrogen, vacancy provides more localized acceptor states. We calculated the binding energy of TM and AEM on both pristine and defective graphenes to investigate such effects on metal dispersion and hydrogen binding affinity. Table I shows the calculated results. We observe that metal binding energy on pristine graphene is significantly smaller than its cohesive energy, which results in metal clustering as mentioned above. Since the energy gain from cohesion is much larger than that from binding to graphene, TM would aggregate instead of existing as individual and welldispersed atomic form. On the other hand, our calculations show that the vacancy increases the metal binding energy so significantly as to exceed the cohesive energy. Also, the increase is larger than that by boron doping. 7 This indicates that clustering of metal atoms will be less likely if such defects are available for metal binding. Similar effects are also expected for carbon nanotubes or graphene-based nanostructures.
10,11
Next we attached hydrogen molecules to metal-vacancy complexes in graphene and calculated the adsorption energy. Sc and Ca exhibit the best H 2 adsorption characteristics among TM and AEM considered here, respectively, in terms of hydrogen binding energy and uptake capacity. As shown in Fig. 1 , four and six H 2 s can adsorb on Sc and Ca, respectively. Interestingly, the vacancy retains its atomic structure upon metal binding except Ca which induces a reconstruction to 5-9 carbon rings ͓see Fig. 1͑b͔͒ . Figure 2͑a͒ shows the calculated hydrogen adsorption energy on Sc, Ti, and V bound to vacancy sites of graphenes. Compared to pristine graphenes, the hydrogen adsorption shows two characteristics: first there is no dissociation of hydrogen molecules, particularly first hydrogen; and second, the adsorption energy is smaller ͑but the value is within a range for ambient operation͒ than that in pristine graphene by about 0.2-0.3 eV. 7 The effect of vacancy on metal binding and hydrogen adsorption is, in fact, very similar to that observed for pyridinelike nitrogen doped graphene ͑PNG͒ ͑one carbon vacancy with three neighboring carbon atoms replaced by nitrogen͒. 8 We note that both the carbon vacancy and the pyridinelike nitrogen doping result in electron depletion in graphenes. The acceptorlike states generated by vacancy or pyridinelike defects enhance the charge transfer from metal to graphene, which provides a stronger Coulomb interaction between the metal and graphene. 8 Experimentally, the single atomic vacancies in graphene were also directly observed. 17 Lochan and Head-Gordon 18 showed that bare ionized AEM can bind hydrogen molecule very effectively. Also recently, it was reported that Ca-dispersed fullerenes can be plausible hydrogen storage materials. 19 We considered Mg and Ca, which are found to be better than other non-TM atoms such as Be or Al ͑both Be and Al on defective graphene are capable of binding only one H 2 ͒. As shown in Table I , the binding energy of AEM on pristine graphene is very small, similar to TM case, indicating that it would not be stabilized even at moderate temperatures. AEM on vacancy defects, on the other hand, has strong binding energies, particularly for the Ca case that shows an almost twofold increase from its bulk cohesive energy. Five and six H 2 s can adsorb on Mg and Ca, respectively, as shown in Fig. 2͑b͒ , which is one more than corresponding number in PNG according to our calculations ͑not shown here͒. We note that Mg-pristine graphene does not bind hydrogen at all. Figure 2 indicate that Ca is superior to other metals in terms of the uptake capacity and the uniformity in binding energy ͑again care should be taken in interpreting the hydrogen binding energies obtained with LDA or GGA as mentioned above͒. The later is related to the width of desorption temperature that determines the usable number of H 2 s. 4, 7 The hydrogen uptake capacity of Ca-dispersed graphenes is estimated to reach about 6 -7 wt % depending on available Ca binding sites. This simple estimation suggests that Ca-dispersion in graphitic materials will be a very promising approach for developing hydrogen storage materials.
The origin of the enhancement in metal binding in vacancy site is attributed to the charge transfer from metal to grapheme as mentioned above. The strong static Coulomb interaction between the metal and graphene results in the enhanced binding energy. Figure 3 shows the calculated density of states of graphene with vacancy defects. Similar to PNG, 8 we observe the acceptorlike states near the Fermi level. Once metal atoms are bound, the electron from metal transfers to graphene, filling the acceptorlike states. As the electron depletion ͑acceptorlike states͒ increases, more electrons would transfer to graphenes. The decrease in the number of electrons occupying metal d level ͑for TM case͒, on the other hand, reduces the back-donation and thus weakens the adsorption energy, 7 which is the case in our calculations. For AEM, such decrease in hydrogen binding energy is not observed while the metal binding energy increases. The multipole Coulomb interaction is dominant between ionized AEM and H 2 s, 18 whereas the orbital interaction is responsible for TM-hydrogen binding. Mg atoms in pristine graphene do not bind hydrogen at all, whereas, on vacancy defects, they are ionized and bind hydrogen. For Ca, its lowlying empty d orbitals also play some roles for hydrogen adsorption. On vacancy defects, Ca d orbitals are split and partially occupied due to the hybridization with graphene orbitals. Hence the orbital interaction between Ca d and hydrogen * states comes to contribute to hydrogen adsorption. Ca-vacancy has more uniform hydrogen adsorption energy than Ca-pristine graphene. The splitting and occupation of Ca d orbitals due to ligand fields was also discussed in Ca-C 60 systems. 19 In summary, we studied the dispersion of transition and alkaline-earth metal atoms on pristine and defective graphenes. It was found that vacancy defects provide stronger binding sites of metal atoms, particularly Ca. With caution given in comparing LDA/GGA values of hydrogen binding energies to experiment, our calculations showed that AEMs can hold more hydrogen than TMs. Also AEM is expected to be easily dispersed in atomic forms in defective graphenes since its binding energy on vacancy defects is much larger ͑by almost two times͒ than the cohesive energy. Our study suggests that metal-vacancy complexes can be active hydrogen adsorption sites to be utilized for hydrogen storage and metal catalysts.
